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Abstract 
We experimentally examine the thermo-resistive and thermo-piezoresistive sensitivity of 
multiwall carbon nanotube (MWCNT)/polypropylene random copolymer (PPR) nanocomposites 
processed via fused filament fabrication (FFF) process. The filament feedstocks were fabricated 
by melt blending of neat PPR with a predetermined amount of MWCNTs (either 4, 6 or 8 wt.%) 
using a twin-screw extruder. Thermo-resistive characteristics of MWCNT/PPR composites were 
measured under both constrained and unconstrained heating from approximately 30-100°C. For 
all MWCNT concentrations considered here, negative emperature coefficients of resistivity 
(TCR) were observed for both constrained and unconstrai ed heating, as a consequence of 
thermal fluctuation-induced tunneling at MWCNT junctions. The highest thermo-resistive 
sensitivity was measured for the composite with the lowest MWCNT concentration (4 wt.%) 
under unconstrained conditions, reporting a TCR of -12,800×10-6/°C, which is higher in 
magnitude than that of other polymer nanocomposites reported in the literature. Moreover, the 
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MWCNT/PPR composites exhibit strong thermo-piezoresistive response under tensile loading. 
For 4 wt.% MWCNT loading, the gauge factor (measured over 0-20% strain range) of the 
composite increased from 27.8 to 52.3 when the temperature was raised from 30°C to 60°C. Our 
results further evince higher thermo-piezoresistive sensitivity i.e., a gauge factor as high as 395 
at 600C. The electron tunneling and hopping, both thermally-assisted and activated by 
mechanical deformation of the PPR matrix, significantly increase the thermo-piezoresistance 
with the increase in temperature in this range. The excellent thermo-resistive and thermo-
piezoresistive characteristics of MWCNT/PPR composites reported in this study would enable 
the development of smart nanocomposites for self-sensing both temperature and strain/damage 
state.  
Keywords: Temperature sensing; strain sensing; 3D printing; multifunctional composites; fused 
filament fabrication 
1. Introduction 
The development of polymer-based nanocomposites with multifunctional attributes has been a 
research topic of great technological and scientific interest over the last decade. These materials 
typically consist of a network of highly conductive nanofillers (e.g. carbon nanotubes, carbon 
black, graphene, etc.) embedded in an electrically non-conducting polymer matrix. The 
mechanical and physical properties of such electro-conductive composites are sensitive to 
external stimuli, making them candidate materials for temperature-, pressure- and strain-sensing 
applications [1-8].  Carbon nanotubes (CNTs) have be n most prominent in the development of 
highly-conducting polymer-based composites for sensing applications. CNTs have a long tube-
like structure, ultra-high elastic modulus (~1.0 TPa), strength (~100 GPa) and outstanding 
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thermal (3000-6000 W/mK) and electrical conductivity (104-106 S/cm) [11, 12]. The high aspect 
ratio of CNTs is attributed to the formation of conducting 3D networks and concomitant low-
percolation thresholds [9-11]. The conducting composite can be fabricated by mixing an 
adequate amount of CNTs with the polymer via different blending techniques to obtain a uniform 
dispersion of nanofillers in the polymer matrix and to achieve electrical percolation [12-13].  
Additive manufacturing (AM), [14-18] also known as 3D printing, is an emerging technique for 
processing of materials, including polymer-based comp sites. The major advantage of AM is 
that it enables fabrication of objects with complex shapes or topology, offering flexibility to 
modify the geometry without the need for additional tooling. Different types of AM techniques 
such as stereolithography (SLA) [19-23], fused filament fabrication (FFF) [24-32], selective 
laser sintering (SLS) [32-33], inkjet printing, selective laser melting (SLM) [34-37] etc., enable 
3D printing of different classes of materials. The FFF AM is extensively being used for 
processing polymer composites due to its simplicity, high reliability and comparatively low 
operational and machine costs [10, 38-42]. The feedstock used in the FFF process is a continuous 
filament of a uniform diameter, which was prepared via melt extrusion process. Mostly 
acrylonitrile butadiene (ABS) [43-44], polylactic acid (PLA) [45], polyamide (PA) [46], 
polycarbonate (PC)[47], and polystyrene (PS)[48] and their composites are processed via FFF 
3D printing. 
Composites composed of polymers with dispersed CNTs typically possess strongly pronounced 
piezoresistive behavior above the percolation threshold [49], making them suitable for strain 
sensing applications that require a high degree of compliance or stretchability (e.g. human-
machine interfaces). Their piezoresistive behavior is primarily ascribed to deformation-induced 
widening/closing of the tunneling gaps between CNT junctions, leading to an increase/decrease 
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in the resistivity of the material [50]. The effect of temperature on the electrical resistivity of a 
polymer-based nanocomposite, also known as thermos-esi tivity, has been studied by several 
authors [51-60]. The sensitivity of a material’s electrical resistivity to variations in temperature is 
an important consideration for the development of temperature sensors (or thermistors), and is 
typically referred to as temperature coefficient of resistance (TCR) [61]. The thermo-resistive 
behavior of polymer nanocomposites filled with micro/nano conductive fillers has been found to 
depend on the filler concentration [52], temperature [62] and properties of the polymer matrix 
[63]. Both positive [57-59] and negative TCR [54-56, 60] have been reported for CNT/polymer 
composites. For example, Lasater and Thostenson [51] examined the thermos-resistive behavior 
of CNT/vinyl ester composites and found both positive and negative TCR depending on the CNT 
concentration and temperature. Other authors [53] measured thermos-resistive properties of 
MWCNT/PSF composites with MWCNT concentrations ranging between 0.5 and 50 wt.%. For 
composites with large MWCNT loadings (40 wt.% and above), they observed negative TCR 
while those with lower MWCNT concentrations exhibited positive TCR, concluding that the 
thermos-resistance of CNT/polymer composites undergoes a transition from thermal expansion-
controlled behavior at low MWCNT loading (positive TCR) to the one dominated by the 
intrinsic thermos-resistivity of MWCNTs [64-65] at high MWCNT loading (negative TCR). 
Similar findings were also obtained numerically [52]. Predominantly negative TCR values were 
reported, for example, by Shen et al. [60] for nano-carbon/epoxy composites, Mohiuddin and 
Hoa [55] for CNT/PEEK and Matzeu et al. [56] for MWCNT/SEBS. The observed trends were 
ascribed to changes in thermal fluctuation-induced tunneling conduction with increasing 
temperature [60], outweighing the increase in tunneli g resistance of the CNT network due to 
thermal expansion. It was also noted in [60] that a high degree of CNT entanglement in the 
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polymer matrix may also contribute to a negative TCR, since it allows tunneling gaps to be 
reduced despite the fact that the polymer matrix is expanding with increasing temperature. 
Although the studies outlined above have examined th  thermos-resistive responses of different 
types of CNT/polymer composites and studied the underlying mechanisms, the degree to which 
these novel material systems can be used in conjunction with 3D printing has not yet been 
demonstrated. Furthermore, only a very limited data is currently available on the thermo-
piezoresistive response of CNT/polymer composites which is an important aspect in the design 
of strain sensors or self-sensing structural system xposed to a wider range of temperatures. 
Here, we study experimentally the thermos-resistive response of 3D printed multi-walled carbon 
nanotube (MWCNT)/ polypropylene random copolymer (PPR) composites and explore the effect 
of temperature on their piezoresistive performance. The composite specimens are processed via 
FFF AM with the feedstock filaments prepared through melt blending of neat PPR with a 
predetermined amount of MWCNT nanofillers (either 4, 6 or 8 wt.%) using a twin-screw 
extruder. The change in the electrical resistance of 3D printed MWCNT/PPR composites with 
temperature is measured under constrained and unconstrained conditions and their TCR is 
evaluated and compared to previously published work. In addition, the piezoresistive and 
mechanical responses of the MWCNT/PPR composites ar measured at 30, 60 and 100°C and 
the corresponding gauge factors are deduced from the measurements. The results obtained from 
this study serve as guidelines for the development of advanced 3D printed CNT/polymer 
composites for temperature- and strain-sensing applications. 
2. Materials and Experimental Methods 
2.1 Materials 
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MWCNTs supplied by Applied Nanostructured Solution LLC were used as conducting fillers. 
The length and average outer diameter of these MWCNTs were reported in [66] as ≈ 30 µm and 
10-12 nm, respectively. PPR having a melt flow index of 0.3 g/10 min (at 230 °C/2.16 kg) was 
procured from Borouge Pte Ltd. According to DSC scan , the melting and crystalline 
temperatures of the PPR are 147 °C and 112 °C, respectively, and the degree of crystallinity is 
30.8 %. The DSC thermographs and a description of the experimental procedure are presented in 
Section S1 (Supplementary Information).  
2.2 Preparation of MWCNT/PPR composite filaments for 3D printing 
The 3D printable MWCNT/PPR composite filaments were fabricated by melt blending the neat 
PPR with a predetermined amount of MWCNT nanofillers (either 4, 6 or 8 wt.%) in a corotating 
twin-screw extruder (Coperion ZSK 18 Germany) having L/D = 40 (L is the screw length and D
is the screw diameter) at 200 rpm with a feed rate of 2.5 kg/h, as shown in Fig. 1. The CNT 
loading was limited to 8 wt.% in this work, since filaments with higher CNT concentrations 
could not be effectively processed by this technique d e to poor flow properties of the blend. The 
barrel temperature of the extruder was set to 180°C in the feed zone and was gradually increased 
in the feed direction to reach 220°C at the die.  Note that the process parameters were kept 
constant for all the filaments fabricated in this study. The obtained composite filaments had a 
final diameter of 1.74 mm and are labelled as PPR-4, PPR-6 or PPR-8 where the numeric term 
indicates the MWCNT concentration in wt.%. Note that the above melt blending process resulted 
in a nearly uniform dispersion of MWCNTs within the filament, as seen from Fig. S2 
(Supplementary Information). 
2.3 3D printing via fused filament fabrication (FFF) 
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3D printing of MWCNT/PPR nanocomposites utilizing in-house nano-engineered filaments was 
carried out using a Creator Pro Flash Forge 3D printer. CAD models were prepared using 
SolidWorks software and converted into 3D printable STL files for the preparation of test 
specimens. Simplify3D slicing software tool was used to convert the STL files into G-code. The 
MWCNT/PPR filament of 1.74 mm diameter was fed into the printer nozzle of diameter 0.4 mm 
by a driver motor through a counter-rotating set of grooved gears. A unidirectional infill pattern 
with 100% infill density was chosen with the beads ligned parallel to the loading direction of 
the specimen. The printing parameters were kept the same for all the samples investigated in this 
study and are listed in Table 1. 
 
Fig. 1. Schematic illustration of (a) MWCNT/PPR filament fabrication, (b) 3D printing via FFF 
AM and (c) thermo-piezoresistive test setup. 
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Table 1. Process parameters for 3D printing of MWCNT/PPR composites via FFF. 
Process parameter Unit Value 
Printing speed mm/min 900 
First layer printing speed mm/min 300 
Nozzle tip temperature °C 230 
First layer temperature °C 230 
Bed temperature °C 115 
Layer height mm 0.18 
First layer mm 0.18 
Extrusion width mm 0.4 
Filament diameter mm 1.74 
Infill density % 100 
 
2.4. Characterization of the thermos-resistive and thermo-piezoresistive response 
Three types of tests were carried out to characterize the thermos-resistive and thermo-
piezoresistive responses of 3D printed MWCNT/PPR composites. Three repeated tests were 
performed for each sample to ensure repeatability of he measurements. These are described in 
the following sections. 
2.4.1 Thermo-resistive response under unconstrained deformation 
The temperature dependent electrical resistance of 3D printed MWCNT/PPR composites was 
measured via two-probe method using a Tektronix DMM 4050 multimeter on rectangular 
samples (30 mm × 5 mm × 4 mm) heated from 35°C to 100°C at a rate of 5 °C/min in an 
environmental chamber attached to an Intron universal testing machine (UTM). Prior to testing, 
the samples were coated with silver paste at the gauge points to ensure adequate electrical 
contact between the sample and the electrodes of the probe. Note that the silver paste did not 
have any measurable effect on the electrical resistance of the samples. The average electrical 
resistance R of the sample was measured in-situ while it was allowed to freely expand during 
heating to guarantee stress-free conditions.  
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The average electrical resistance R of the nanocomposite prismatic bar is given by [67-68] 
 
L
R
wt
ρ=  (1) 
where ρ is the average electrical resistivity of the nanocomposite, and L, w and t are the sample’s 
length, width and thickness, respectively. Noting that all the quantities on the right-hand side of 
eq. (1) are, in general, temperature-dependent, the emperature coefficient of resistance (TCR) of 
the nanocomposite is expressed as 
 
1 1 1 1 1dR d dL dw dt
TCR
R dT dT L dT w dT t dT
ρ
ρ
= = + − − . (2) 
Assuming that the thermal expansion of the material is isotropic, it follows that 
 
1 1 1dL dw dt
L dT w dT t dT
α= = =  , (3) 
where α is the thermal coefficient of expansion. Using eq. (3), the TCR expression can be written 
in a simplified form as 
 
1 1dR d
TCR
R dT dT
ρ α
ρ
= = −  . (4) 
In the limit of small changes, eq. (4) can be written as 
 
0 0
1 1R
TCR
R T T
ρ α
ρ
∆ ∆= = −
∆ ∆
  (5) 
where ΔR = R - R0, ΔT = T - T0 and  Δρ = ρ - ρ0. R0 and ρ0 are the initial electrical resistance and 
resistivity, respectively at T0, where T0 is the initial temperature. We note that the first term on 
the right-hand side of eq. (5) denotes the change i the composite’s resistivity with temperature 
and includes not only the temperature dependence of the intrinsic resistivity of MWCNTs but 
also resistivity changes induced by widening/closing of tunneling gaps at MWCNT junctions, i.e 
the resistivity changes due to the change in the morphology of the MWCNT network. 
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2.4.2 Thermo-resistive response under constrained deformation 
To measure the effect of temperature on the electrical esistance of mechanically constrained 
MWCNT/PPR samples, we used the same test methods and m terials as described in Section 
2.4.1 but with the ends of the rectangular sample clamped between the wedge action grips of the 
Instron UTM. The force F induced in the specimen during the test was measurd sing a 5 kN 
load cell and the obtained force readings were thenconverted into engineering stress via σ = 
F/A0, where A0 is the initial cross-sectional area of the specimen. Note that, under constrained 
conditions, dL/dT = 0 in eq. (2), which requires eq. (5) to be modifie  to 
  
0 0
1 1
2
R
TCR
R T T
ρ α
ρ
∆ ∆′ = = −
∆ ∆
 (6) 
where, TCR′  is the temperature coefficient of resistance of the sample under constrained 
conditions. Moreover, the stress  generated in the constrained sample evolves with temperature 
and is equal to Δ before yielding.  and  are the Young’s modulus and coefficient of 
thermal expansion of the nanocomposite sample. 
2.4.3 Temperature-dependent piezoresistive response 
The effect of temperature on the mechanical and piezoresistive response of MWCNT/PPR 
composites was measured under isothermal conditions on dogbone samples of thickness 2 mm 
and gauge length 30 mm according to ISO 527 (see Fig. S3, Supplementary Information) using 
an Instron UTM (with a 5 kN load cell) and fitted with an environmental chamber. The samples 
were placed between the wedge-action grips of the UTM and the crosshead was displaced at a 
rate of 5 mm/min to subject the specimen to uniaxial tensile loading at a strain rate of 0.0028 s-1. 
To measure changes in the electrical resistance with deformation, a Tektronix DMM 4050 
multimeter was used, as described in Section 2.4.1. During the test, the temperature in the 
chamber was kept fixed at 30, 60 or 100 °C, and the electrical resistance, crosshead displacement 
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as well as the force induced in the specimen were rcorded. The force vs. displacement curves 
were then converted into engineering stress vs. strain curves, assuming that all the deformation 
occurs within the gauge section of the specimen. 
2.5. Thermal expansion measurements 
A Dilatometer DIL 802 (TA Instruments) was used to measure the coefficient of thermal 
expansion of neat PPR and MWCNT/PPR composites within a temperature range of 40-80°C, 
following Arief et al. [28]. Cylindrical samples of length 35 mm and diameter 5 mm were used 
for this purpose.  
3. Results and discussion  
3.1 Thermo-resistive behavior under unconstrained conditions 
In Fig. 2a we plot the measured electrical resistance as a function of temperature for 3D printed 
MWCNT/PPR composites with 4, 6 and 8 wt.% MWCNT cone tration, respectively. It can be 
seen from Fig. 2a that all the MWCNT/PPR composites exhibit pronounced nonlinear thermos-
resistive behavior with electrical resistance R continuously decreasing with increasing 
temperature for all MWCNT concentrations considered h re. Such decrease in resistance with 
increasing temperature is typically observed in nanocomposites with sufficiently high loading of 
MWCNTs, as reported in [53], where the change in electrical resistance with temperature is 
governed by the negative TCR of the MWCNT network, rather than by its change in morphology 
due to thermal expansion of the polymer matrix [53]. For the same material system, positive or 
negative TCR can also be observed in different temperature regimes [52]. For a given 
temperature change ΔT, it can be seen from eq.(5), that the normalized change in electrical 
resistance, ΔR/R0, can be used to quantify the thermos-resistance sensitivity (or TCR) of the 
nanocomposite. In Fig. 2b, ΔR/R0 is plotted as a function of temperature T for the three MWCNT 
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concentrations considered here, showing that the composite with the lowest MWCNT loading (4 
wt.%, PPR-4) possesses the highest TCR under unconstrained conditions for T > 55ºC, while the 
PPR-8 is more sensitive at lower temperatures, T < 55ºC, confirming the important role of 
intrinsic thermos-resistivity of the MWCNT, especially at high MWCNT concentrations and low 
temperatures [69]. 
The TCR values of the MWCNT/PPR composites under unconstrained conditions were deduced 
from Fig. 2b by evaluating the averaged slopes of the ΔR/R0 vs. temperature curves over the 
measurement range (37-100ºC), and the obtained values re plotted in Fig. 3a, showing negative 
TCR values for all composites examined here. It is interesting to note that the composite with the 
lowest MWCNT loading (PPR-4) possesses the highest thermos-resistive sensitivity (TCR = -
12,800×10-6 /oC), in line with the findings of previous studies [53], while the PPR-6 has the 
lowest sensitivity (TCR = -6,670 /oC), possibly due to processing-induced differences in the 
dispersion of MWCNTs in the PPR matrix.  
The thermal expansion coefficients α of the neat PPR and MWCNT/PPR composites with 4, 6
and 8 wt.% MWCNT loading are plotted in Fig. 3b as a function of temperature (from 40 to 
80°C). The figure shows that the α values of the PPR and MWCNT/PPR composites decrease 
with increasing temperature and increasing MWCNT loading, due to the negative thermal 
expansion of MWCNTs, as reported by other authors [70-71]. Since the coefficients of thermal 
expansion α of the MWCNT/PPR composites (Fig. 3b) are substantially smaller than those 
reported in the literature for other CNT/polymer composites [51], the effect of thermal expansion 
on the tunneling and hopping resistance is expected to be small here (i. e. the resistance change 
due to change in morphology of MWCNT network) in comparison to the intrinsic thermos-
resistivity of the MWCNTs. Therefore, we argue that the observed thermos-resistive response is 
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controlled by the thermal fluctuation-induced tunneling conduction, as also noted by other 
authors [60].  
 
Fig. 2. Thermo-resistive response of MWCNT/PPR compsites with 4, 6 or 8 wt.% of 
MWCNTs: (a) Electrical resistance vs. temperature and (b) normalized change in resistance vs. 
temperature.  
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Fig. 3. (a) Temperature coefficient of resistance (TCR) evaluated over 37-100ºC under 
unconstrained and constrained conditions; (b) thermal expansion coefficient α of PPR and 
MWCNT/PPR composites with 4, 6 and 8 wt.% MWCNT loading as a function of temperature. 
3.2 Thermo-resistive behavior under constrained conditions 
In Figs. 4a-c, we present, for the case of constrained heating, the induced stresses σ and 
normalized resistance changes ΔR/R0 plotted as a function of temperature for the three 
MWCNT/PPR composites, PPR-4, PPR-6 and PPR-8, respectively. The plots show that, as the 
temperature increases, compressive (i.e. negative) str sses are induced in the samples due to 
constrained thermal expansion of the sample. At lowtemperatures, the compressive stresses 
generated in the sample increase with increasing temperature until a peak is reached, after which 
the response of the polymer becomes increasingly viscous, resulting in continuous stress 
relaxation with increasing temperature. The competition between the stress build-up rate and the 
stress relaxation rate during the constrained heating determines the peak point. The latter 
phenomenon can be attributed to the relaxation of the rigid amorphous phase surrounding the PP 
crystals, also referred to as α-relaxation that typically occurs within a temperatu e range of 70-
90ºC in PPR and PPR nanocomposites [72-73], while te glass transition temperature of the 
unconstrained amorphous phase (i.e. β-relaxation) in PPR typically occurs below room 
temperature at around 15-20 ºC [72-73]. Similar to what is presented in Fig. 3 for the 
unconstrained case, the electrical resistance of the MWCNT/PPR composites decreases during 
constrained heating, as seen from the negative values of ΔR/R0 in Figs. 4a-c. The TCR values for 
constrained heating were evaluated from the ΔR/R0 vs. temperature curves in Fig. 4 (over 30-
100ºC) and the obtained values were included in Fig. 3a, to compare with the corresponding 
TCR values evaluated under unconstrained conditions. For the PPR-4 composite, the TCR for 
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constrained heating (see Fig. 3a) is similar to that measured under unconstrained conditions. 
However, the TCR values of the PPR-6 and PPR-8 under constrained conditions are significantly 
lower than those obtained for unconstrained heating (see Fig. 3b). This is attributed to the 
segmental mobility of polymer chains that drives the stress relaxation in the mechanically 
constrained PPR matrix above the glass transition temperature (Tg = 15-20 ºC), and also affects 
the tunneling resistance of  the percolating MWCNT network [51]. 
 
Fig.4. Thermo-resistive and mechanical responses of MWCNT/PPR composites as functions of 
temperature under constrained deformation: (a) PPR-4, (b) PPR-6 and (c) PPR-8. 
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3.3 Effect of temperature on the mechanical and piezoresistive response  
We proceed to examine the effect of temperature on the stress vs. strain response and associated 
changes in electrical resistance of the MWCNT/PPR composites. In Figs. 5a and b, we plot, 
respectively, the stresses and normalized resistance changes, ΔR/R0, as functions of strain for the 
composite with 4 wt.% MWCNT loading (PPR-4); three contours are included in each figure, 
representing the measurements obtained from isothermal displacement-controlled tests at 30ºC, 
60ºC and 100ºC, respectively.  For all the temperatures considered here, Fig. 4a shows that the 
mechanical response of the PPR-4 is characterized by a nearly linear initial stress-strain response 
followed by a yielding beyond which the flow stress are almost insensitive to variations in the 
applied strain. The slight nonlinearity observed in the initial stress-strain response can be 
attributed to viscous relaxation processes within te amorphous phase of the PPR, while the 
observed yielding of the PPR-4 can be explained by the occurrence of stress-induced chain 
sliding and/or kinking processes, resulting in inelastic macroscopic deformation. It can also be 
seen from Fig. 5a that the induced stresses decreas significantly with increasing temperature 
during all stages of the response due to the concomitant increase in the chain mobility of the PPR 
with increasing temperature. Fig. 5b shows that the corresponding normalized resistance 
changes, ΔR/R0, increase monotonically with increasing strain for all choices of temperature, due 
to the increase of the tunneling gaps between adjacent MWCNTs with increasing tensile strain. It 
is interesting to note that an increase in temperature from 30ºC to 60ºC results in a more 
pronounced piezoresistive effect, showing higher ΔR/R0 for a wide range of strains, while a 
further increase of temperature to 100ºC results in a less pronounced ΔR/R0 response. This is 
likely due to changes in the segmental mobility of the polymer matrix which affects the 
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tunneling resistance and perhaps, the morphology of the MWCNT network during deformation. 
Furthermore, the contribution of intrinsic resistivity of MWCNT to piezoresistive response of the 
composite at high temperature becomes less pronounced. 
Similar trends are shown for the PPR-6 and PPR-8 in Figs. 5c-d and Figs. 5e-f, respectively. At T 
= 30ºC, the mechanical responses of both the PPR-6 and PPR-8 show a higher ultimate stress but 
decreased ductility, failing at ε = 0.65 and ε = 0.33, respectively (see Figs. 5c and 5e), owing to 
the fact that the embedded MWCNTs act as obstacles to stress-induced chain sliding in the PPR 
matrix, thereby increasing the resistance to inelastic deformation. These effects are less 
pronounced at higher temperatures, due to the increased chain mobility of the PPR matrix, 
offering alternative pathways for chain sliding processes.  
Furthermore, the Young’s moduli of the MWCNT/PPR composites were evaluated from the 
initial slopes of the measured stress-strain curves shown in Fig. 5 and the obtained values are 
summarized in Table 2, together with the ultimate str ngth and failure strain for each composite. 
Note that, at higher temperatures, some samples could n t be tested until failure since the range 
of crosshead displacement was constrained by the limited size of the environmental chamber. 
Further, we note that, at 30ºC, the Young’s modulus of the composite increases significantly with 
increasing MWCNT content, reporting a 43% differenc in stiffness between the PPR-4 and the 
PPR-8. Such stiffening effect has been reported in previous studies [66, 74-77] and can be 
ascribed to the increased adsorption of polymer chains on the MWCNT surface which 
significantly reduces the chain mobility of the PPR. The latter effect is less pronounced at higher 
temperature (see Table 2) due to weaker interaction between the PPR and the nanofillers.  
The gauge factor, defined as the rate at which ΔR/R0 changes with increasing strain ε, is typically 
used to evaluate the sensitivity of a piezoresistive material. The gauge factors of the PPR-4, 
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PPR-6 and PPR-8 at 30ºC, 60ºC and 100ºC, were determined by evaluating the slopes of the 
ΔR/R0 vs. ε plots over the range of 0 ≤ ε ≤ 0.2 in Figs. 5b, 5d and 5f, respectively, and the 
obtained values are plotted in Fig. 6 and listed in Table 2. At a temperature of 30ºC, the gauge 
factor decreases with increasing MWCNT loading (see Fig. 6a), reporting a gauge factor of 27.8 
for the PPR-4. In contrast, opposite trends are observed at 60ºC (see Fig. 6b) where PPR-8 
possesses a remarkably high gauge factor of 395, indicating a significant increase in the 
sensitivity of the MWCNT/PPR composite with increasing temperature between 30-60ºC. With 
further increase temperature, the sensitivity decreases due to the limited thermal stability of the 
polymer matrix which fails to support the percolating network of nanofillers. Note that, for a 
given MWCNT content in PPR matrix, the gauge factor inc eases with increasing temperature up 
until 60ºC. This is because the electron tunneling a d hopping, both thermally-assisted and 
activated by mechanical deformation of the PPR matrix, significantly increase the 
piezoresistance with increase in temperature in this range. It is clear from Fig. 6 that the gauge 
factors of the MWCNT/PPR composites are very sensitive to variations of temperature within 
the range of 30-100ºC. Strong thermo-resistive and thermo-piezoresistive characteristics of 
MWCNT/PPR composites enable the development of smart nanocomposites, for thermal and 
thermo-piezoresistive sensing applications. 
Table 2. Mechanical and piezoresistive properties of MWCNT/PPR composites at various 
temperatures. 
Sample 
designation 
Temperature 
(°C) 
Young’s 
modulus (MPa) 
Ultimate 
strength (MPa) 
Failure 
strain (%) 
Gauge 
factor 
PPR-4 30 518 28.3 120 27.8 
 60 150 > 12.9 > 400 52.3 
 100 30 > 6.4 > 400 6.9 
PPR-6 30 635 31.7 65 20.7 
 60 119 8.45 140 93.4 
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 100 27 > 9.1 > 400 6.6 
PPR-8 30 741 33.76 33 17.1 
 60 172 15.0 180 395.0 
 100 35 > 7.5 > 400 9.0 
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Fig. 5. Mechanical and piezoresistive responses of MWCNT/PPR composites under isothermal 
conditions at 30 °C, 60 °C and 100 °C: (a)-(b) PPR-4; (c)-(d) PPR-6; (e)-(f) PPR-8. 
 
Fig. 6. Piezoresistive strain sensing: Gauge factors of MWCNT/PPR composites at three 
different temperatures: (a) 30°C, (b) 60°C and (c) 100°C. 
3.4 Material property chart for thermo-resistive sensing 
We proceed to compare the TCR values of our MWCNT/PPR composites to those reported in 
the current literature. Fig. 7a presents a material p operty map in the TCR – temperature space 
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where the blue and green fields represent the range of data reported in previous studies for 
polymer-based nanocomposites and CNT-based thermisto s, respectively, while the pink field 
shows the property range of the MWCNT/PPR reported in this study. It is important to note that 
Fig. 7 includes data from only those studies where numerical values of TCR were explicitly 
given (see Table S1, Supplementary Information). Currently, the data is very limited in the high 
temperature range (i.e. beyond 150°C), due to the limited thermal stability of the polymer matrix 
which fails to support the percolating network of nanofillers at elevated temperatures. The figure 
also shows that the TCR values of polymer-nanocomposites can be positive or negative, due to 
the competition between thermal fluctuation-induced tunneling (causing negative TCR) and the 
widening of tunneling gaps between adjacent CNTs driven by thermal expansion of the polymer 
matrix (causing positive TCR) [52-53, 60]. In comparison with data available in the literature, 
the 3D printed MWCNT/PPR composites reported here exhibit superior thermo-resistive 
sensitivity, which can be attributed to the alignmet of MWCNTs during extrusion of the 
composite through the nozzle of the 3D printer.  
Fig. 7b compares the gauge factors of the MWCNT/PPR reported in this study at various 
temperatures with those of extant works on polymer composites filled with carbon 
nanostructures at room temperature. The circles (PPR-4), squares (PPR-6) and diamonds (PPR-
8) indicate the gauge factors of our study at different temperatures. Fig 7b further shows that our 
composite has higher thermo-piezoresistive sensitivity (gauge factor of 395 at 600C), 
demonstrating the potential of our AM-enabled MWCNT/PPR composites for self-sensing both 
temperature and strain and/or damage state. It is important to note that Fig. 7b includes data from 
only those studies where numerical values of gauge factor were explicitly given (see Table S2, 
Supplementary Information). The Fig 7b (Table S1, Supplementary Information) also shows that 
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the gauge factors  of polymer-nanocomposites are vaying from 0.91-120 and the gauge factor 
exclusively depends on filler type, polymer matrix and morphology of measured samples (foam, 
fibre, etc.) [7, 49, 78-87].  
 
Fig. 7. (a) TCR vs. temperature chart showing the property space of nanocomposites (blue 
fields), CNT-based thermistors (green fields) and the MWCNT/PPR composites reported here 
(pink fields); (b) Gauge factors of PPR-4 (circles), PPR-6 (squares) and PPR-8 (diamonds) at 
various temperatures compared to those reported in the literature (triangles). 
4. Conclusions 
In this study, we experimentally explored the coupling between the electrical resistance and 
temperature, and the coupling between piezoresistance and temperature of MWCNT/PPR 
composites enabled via FFF additive manufacturing. The filament feedstocks were fabricated by 
melt blending neat PPR with a predetermined amount f MWCNTs (either 4, 6 or 8 wt.%) in a 
twin-screw extruder. The thermos-resistive response of the MWCNT/PPR composites was 
measured under constrained and unconstrained heating from approximately 30-100°C. For all 
J
urn
al 
Pr
e-p
roo
f
23 
 
MWCNT concentrations considered here, negative temperature coefficients of resistivity were 
reported for both constrained and unconstrained heating, as a consequence of thermal 
fluctuation-induced tunneling at MWCNT junctions. Although the MWCNT/PPR composites 
exhibit a very low coefficient of thermal expansion (α < 0.4×10-6/oC), measurable thermal 
stresses were induced in the specimens under constrained heating which were found to relax as 
the temperature increased. The TCR values measured under constrained conditions were found 
to be significantly lower than those obtained with unconstrained specimens, suggesting that the 
segmental chain motion, associated with the stress r laxation of the mechanically constrained 
PPR matrix above the glass transition temperature, can have a significant effect on the tunneling 
resistance of the MWCNT network. The highest thermos-resistive sensitivity was observed for 
the composite with the lowest MWCNT concentration (4 wt.%), reporting TCR = -12,800×10-
6/oC, which is higher in magnitude than that of other polymer nanocomposites reported in the 
literature. 
It was also found that the inclusion of MWCNTs in the polymer resulted in a significant 
stiffening and strengthening effect with a concomitant reduction in ductility (or failure strain). 
Furthermore, the MWCNT/PPR composites evince pronounced piezoresistive behavior under 
tensile loading which was found to be highly sensitive to temperature. The gauge factors of 
MWCNT/PPR composites increased substantially (up to one order of magnitude) after heating 
the material from 30°C to 60°C, and reduced again below their room temperature values when 
the temperature reached 100°C, which is likely to be caused by changes in the segmental 
mobility that affects the morphology and tunneling resistance of the MWCNT network during 
mechanical straining. Our study further shows higher t rmo-piezoresistive sensitivity (gauge 
factor of 395 at 60°C), demonstrating the potential of our AM-enabled MWCNT/PPR 
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composites for self-sensing both temperature and strain/damage state. The multi-functionalities 
of 3D printed MWCNT/PPR composites demonstrated in this study can be seen as critical 
enablers for the development of innovative sensing technologies. However, hysteresis effects 
during thermal cycling, as well as the response time to step changes in temperature, are 
important aspects for most practical applications. These aspects are left to a subsequent study.  
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Highlights 
• MWCNT/PPR composites were processed by fused filament fabrication 
• Highest thermos-resistive sensitivity of -12800×1 -6/0C was measured for the 
MWCNT/PPR composite with 4 wt.% MWCNT.  
• MWCNT/PPR composites reveal gauge factor (measured ov r 0-20% strain 
range) in the range of 27.8-52.3 over 30-60°C.  
• Our results further evince higher thermo-piezoresitive sensitivity as high as 
395 at 600C.  
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